Abstract-Ground spectral reflectance and atmospheric spectral optical depth measurements made at White Sands, New Mexico on January 3, 1983, were used with an atmospheric radiative transfer program to determine the spectral radiance at the entrance pupil of the Landsat-4 Thematic Mapper (TM). A comparison with the output digital counts of the TM, when imaging the measured ground area, provided an absolute calibration for five detectors in TM bands 2, 3, and 4. By reference to an adjacent, larger uniform area, the calibration was extended to all 16 detectors in each of the three bands. Pre-flight calibration results agreed with these inflight measurements to 6.6, 2.4, and 12.9 percent in bands 2, 3, and 4, respectively. 
spectroradiometric measurements of the ground and the atmosphere simultaneously with TM image acquisitions over that area [4] . By entering our measured values into an atmospheric radiative transfer program [5] , we determined the radiance levels at the entrance pupil of the TM in four of the TM spectral bands (full width at half maximum': band 1:-0.45-0.52 pm; 2:-0.53-0.61 p,m; band 3:-0.62-0.69 gm; and band 4:-0.78-0.91 um). These levels were compared to the output digital counts from the detectors that sampled the radiometrically measured ground area, thus providing an absolute radiometric calibration of the entire TM system utilizing those detectors. Then, by reference to an adjacent, larger uniform area, the calibration was extended to all 16 detectors in each of the three bands. II After the TM overpass, hand-held Exotech radiometer measurements were made at the pixel centers of a 4 X 4 pixel area on the snow (pixel size 30 X 30 m) to check for significant differences from the Barnes radiometer data. Variations between the Barnes and the Exotech data were small and attributed to variations introduced by the Exotech measurement technique rather than in the snow reflectance. The 4 X 4 pixel area was later found to be at an angle to the scan lines; as a result, the individual detectors obtained different numbers of samples (see Table VI ). By reference to an access road and nearby frozen water surfaces we were able to accurately locate the known reflectance area on the TM imagery.
A solar radiometer [6] using nine 10-nm-wide spectral bands in the visible and near IR was used to determine the total spectral optical depths Text at these nine wavelengths. The measured barometric pressure of 889.5 mbar allowed the Rayleigh spectral optical depth T(Ray to be determined. From these data the Mie and ozone spectral optical depths [7] were determined.
In bands TM 1, 2, and 3, the component of rTxt due to molecular absorption rabs is due entirely to ozone. In band 4, water vapor and CO2 predominate. Their effects have been included in Table I Because of the small number of samples collected over the test site and the small variation in the digital counts recorded by each detector in each band, the most meaningful way to summarize the results of the calibration is to list the individual counts for each detector and the radiance in each band. This has been done in Table VI. Note that whereas there are signif-icant detector-to-detector variations within a band, the variations for a given detector are consistent with the expected uncertainty in the output of the analog-to-digital converter for a constant input analog signal.
IV. EXTENSION OF CALIBRATION TO OTHER DETECTORS
To extend the calibration of the five detectors in each band to all 16 detectors in each band, a 10 X 16 pixel test site of uniform reflectance was selected from an analysis of the TM imagery of White Sands. This site was 500 m southwest of the 4 X 4 pixel test site described earlier. Its uniformity was such that none of the 16 rows of 10 pixels exhibited a variance of greater than 1.5 digital counts, the average variance being 0.9 digital count. The average number of digital counts for each of the 16 detectors in each band in this 10 X 16 pixel area is listed in Table VII . To verify, a posteriori, that the large site had the same reflectance as the 4 X 4 pixel site, the digital counts were compared for detectors 3, 2, 1, 16, and 15 in the three bands. For the 15 detectors that sampled both sites (five each in three bands) the digital count difference between the two sites was less than 1 for nine of the detectors.
It is interesting to note that there was no evidence of a level shift, as described by Kieffer et al. [13] There are four sources of uncertainty in the calibration procedure. These have been discussed elsewhere [4] and will be only briefly referred to here.
The main uncertainty is in our knowledge of the composition, size distribution, and vertical distribution of atmospheric aerosols. Of these, the value assumed for the aerosol complex index is the most critical. On the basis of a survey of aerosol conditions at White Sands by Jennings et al. [14] , we estimated that an error of ±3.5 percent is introduced if extreme rather than the assumed average conditions existed on the morning of the calibration measurements. Departures of aerosol size and vertical distributions from the assumed average can give rise to a ±2 percent change in radiance at the TM. We thus have a rootsum-of-the-squares (rss) uncertainty of ±4 percent due to an imprecise knowledge of atmospheric conditions.
An uncertainty of ±2 percent is attributed to the combination of three reflectance-related factors: nonuniformities in the ground reflectance, uncertainty in the knowledge of the absolute reflectance of the reference panel, and the departure of the ground and reference surfaces from being lambertian reflectors.
An uncertainty of ± 1 percent is due to the uncertainty in the exoatmospheric spectral irradiance data of Neckel and Labs [10] . An uncertainty of ±0.7 percent is due to a variation of ±1 digital count in an output of 150 counts from the TM in the imaging of a constant radiance level.
If we assume an error of ±2 percent due to the neglect of polarization effects, the overall rss uncertainty in the calibration procedure is ±5 percent.
Henceforth, to reduce the uncertainty to less than ±3 percent, we plan to take the following steps:
1) Collect aircraft spectropolarimeter data, calibrated in an absolute sense, to check the calibration procedure and determine the magnitude of any possible systematic errors.
2) Collect aircraft imagery of the ground reference areas to accurately map spatial variations in ground reflectance.
3) Make ground measurements simultaneously with TM overpasses at sites having different reflectances.
4) Use a version of the Herman and Browning atmospheric radiative transfer program [5] that accounts for polarization and the nonlambertian characteristics of the ground surfaces.
5) Attempt to more precisely estimate the aerosol composition and distributions by: a) Making ground level diffuse and direct irradiance measurements.
b) Applying inversion techniques. c) Making more detailed atmospheric measurements, e.g., of the Babinet and Arago points.
VI. CONCLUSIONS
The absolute calibration of five detectors in TM bands 2, 3, and 4, as determined by measurements at White Sands on January 3, 1983 , is given in Table VI . Pre-flight calibration results agree with these in-flight measurements to 6.6, 2.4, and 12.9 percent in bands 2, 3, and 4, respectively. Table VII shows the absolute calibration extended to all the detectors in bands 2, 3, and 4. The estimated uncertainty in these results is ±5 percent; the estimated uncertainty in the pre-flight calibration is no better than ±6 percent [1] , [15] .
Band 1 saturated over the snowfield at White Sands. Preflight data [1] indicate that a saturation level of 255 counts corresponds to a radiance at the sensor of 1.14 mW cm-2 sr-1 in TM band 1. We estimate that the snowfield provided a radiance level of 1.45 mW cm-2 sr-' at the sensor.
We plan to continue the work described here to include the in-flight absolute radiometric calibration of the Landsat-5 Multispectral Scanner System and TM and the Systeme Pro- 
